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SYNTHESIS AND INVESTIGATION
OF THE PROPERTIES OF ORGANIC-INORGANIC
PEROVSKITE FILMS WITH NON-CONTACT METHODS

1. Introduction

We present the results of studies of the photoelectric properties of perovskite
CH3 NH3 Pbls .93 Clo.o2 films deposited on a glass substrate using the spin-coating method. The
unit cell parameters of perovskite are determined, by using X-ray diffractometry. It is
shown that the film morphology represents a net of non-oriented needle-like structures with
significant roughness and porosity. In order to investigate the properties of the films obtained,
we used non-contact methods such as transmission and reflection measurements and the
measurements of the spectral characteristics of the small-signal surface photovoltage. The
non-contact method of spectral characteristics of the small-signal surface photovoltage and the
transmission method reveal information about the external quantum yield in the films studied
and about the diffusion length of minority carriers in the perovskite films. As a result of this
analysis, it has been established that the films are naturally tertured, and their bandgap is
1.59 eV. It is shown that, in order to correctly determine the absorption coefficient and the
bandgap values, the Urbach effect should be accounted for. The diffusion length of minority
carriers is longer than the film thickness, which is equal to 400 nm. The films obtained are
promising materials for solar cells and optoelectronic devices.

Keywords: surface photovoltage, perovskite film, diffusion length, transmission spectra,
Urbach effect.

newable sources of energy is photovoltaics, that is, a
direct transformation of the solar radiation energy

An increase of the world energy consumption with
hydrocarbons and atomic energy as primary sources
has created a number of ecological, technological, so-
cial, and recently also economic problems. This has
led to a growing of interest in the renewable energy
sources. One of the most attractive and promising re-
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into electricity. Increasing the efficiency of the pho-
tovoltaic energy conversion and decreasing the pro-
duction cost per unit of energy remains an impor-
tant problem since quite a long time. The promising
candidates that can solve the above-pointed problems
are solar cells (SCs) based on the organic/inorganic
lead halide perovskite [1, 2]. These are direct-band-
gap materials, implying high optical absorption coef-
ficient value. SCs based on these materials belong to
the second generation of thin-film SCs [3]. As com-
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pared to the traditional SCs based on monocrystal-
line silicon, their fabrication technology is simpler,
because it does not require high temperatures, which
reduces the price of these SCs. In addition, during the
several years of their investigation, the efficiency of
these cells has increased to 20.9% for the SC with the
area of 1 cm? and to 23.7% for the area of 0.074 cm?
[2,4]. The most common methods to fabricate orga-
nic/inorganic lead halide perovskite are the so-called
one-step solution deposition processes, in which all
components are first solved in an organic solvent, such
as N-dimethylformamide (DMF), then deposited on a
substrate, and finally are thermally treated [5,6]. The
production of perovskite thin films is possible with
the use of many different deposition methods, such as
spin-coating [7], deposition by dipping into a solution
[8], blade-coating [9], sputtering [10], and vacuum de-
position [11]. The use of other solvents has been re-
ported, such as butyrolactone [12] or dimethyl sul-
foxide [13]. All the factors (deposition methods and
solvents used) have a strong effect on the crystalliza-
tion processes. Therefore, the films obtained are char-
acterized by different morphologies (the shape and
the size of grains) and, correspondingly, by different
crystal structure defects both on the grain bound-
aries and in the films. In polycrystalline films, grain
size, their defect types, and orientation strongly af-
fect their optical and photoelectric properties. For
the photoconversion, optical and photoelectric char-
acteristics are the most crucial. As a rule, they are
studied in the already fabricated SCs, which con-
sist of several layers in addition to the perovskite
layer. As a result, the characteristics measured are
integrated, that is, it is often difficult to single out
the contributions of individual layers, which is impor-
tant, when production technologies are being devel-
oped. In [14], the roles of the selective contacts to me-
thylammonium lead iodide chloride (MAPbI3_,Cl,)
have studied using surface photovoltage (SPV) spec-
troscopy. By depositing and characterizing each layer
at a time, it was shown that the electron-extracting
interface is more than twice as effective as the hole-
extracting interface in generating a photovoltage for
several combinations of electrode materials. Their re-
sults illustrate the usefulness of SPV spectroscopy for
the study and characterization in perovskite-based
photovoltaics. In that work, the surface photovoltage
Vspy was measured in a non-contact manner in a
large signal mode (photovoltage values varied with-
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ing tens-hundreds mV), when the surface photovol-
tage value Vgpy is much greater, than the thermal
voltage Vspy > kT/q. Here, k is Boltzmann’s con-
stant, T is the temperature, and ¢ is the elementary
charge. At T'= 300 K, kT'/q = 25.9 mV. For the first
time, the method of spectral dependences of small-
signal surface photovoltage (Vspyv < kT'/q) to deter-
mine of the diffusion length of the minority charge
carriers by Goodman in CH3NH3Pbls thin films and
powders was used by Dittrich et al. [15]. Goodman’s
approach is valid for a semiinfinite plane-parallel sam-
ple with an optically mirror surface and is based on
the formula:

 (1-RI oL )
S+ D/L1+al’

An

where An is the concentration of minority charge
carriers, R is the reflectance coefficient from the
front surface, I is the photon flux per unit surface,
a = «a(A) is the absorption coefficient of the film,
and L is the diffusion length of minority charge car-
riers. Expression (1) used to calculate the minority
carrier diffusion length was obtained at the approxi-
mations d > L; W < L; aW < 1; a(d — W) > 1;
An < pg. Here, d is the film thickness, and W is
the surface space-charge region width. Since the ex-
perimentally measured quantity is Vgpy, for obtain-
ing proportionality Vspy ~ An, it is necessary that
the criterion of small signal Vspy < kT'/q have to be
done. In their study [15], the magnitude of the surface
photovoltage signal did not exceed 120 pV, which in-
deed corresponds to the criterion Vspy < kT'/q. Ho-
wever, the second important criterion, L < d, was
not met in their study. The authors obtained their re-
sults in the case of L ~ d, which leads to a significant
error to determine L. This is the main factor. The
surface of the perovskite films is not specular, but
has a certain relief, thus, the light rays direction in
the film is not a perpendicular to the surface. The-
refore, the Goodman approach has used by Dittrich
[15] cannot, in principle, to give the exact diffu-
sion length for minority charge carriers in perovskite
films with a relief surface. Weng [16] also applied the
Goodman surface photovoltage spectroscopy method
to determine the diffusion length of minority charge
carriers in CH3NH3PbBrj crystals. In their measure-
ments, all the criteria of the method were met, ex-
cept the small signal: the surface photovoltage values
were Vspy = 70-200 mV, which is 3—4 times higher
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than kT/q, but not vice versa. Thus, there are no
grounds for claiming the accurate measurement of the
diffusion length. We can only talk about rough esti-
mates of its value obtained in those works [16]. In
the present work, it is proposed to use the method of
spectrally resolved small-signal surface photovoltage
together with the measurements of the optical prop-
erties (transmission and reflection) for the characteri-
zation and development of fabrication technologies of
perovskite films with different microstructures. It will
be shown that the spectral dependence of the small-
signal surface photovoltage Vspy (\) is proportional
to the external EQE (A) and internal quantum effi-
ciencies IQE () of photogeneration (imply photocur-
rent) [17,18]. The methods proposed allow one to es-
tablish the mechanism of surface photovoltage forma-
tion, to obtain the bandgap value in a perovskite film,
as well as the diffusion length for non-equilibrium mi-
nority charge carriers or photon path length values
(if the absorption coefficient is known), and to esti-
mate the surface recombination rate from the short-
wavelength part of the photovoltage spectrum.

2. Experimental Methods
2.1. Synthesis method

Lead iodide Pbls, methylammonium chloride
CH3NH3Cl (C.P.), and methylammonium iodide
CH3NH3I that was pre-synthesized were used as
the input reagents [19]. In order to stabilize the
perovskite structure, the partial replacement of
iodine with chlorine was carried out [20] using
methylammonium chloride CH3NH3Cl (C.P.). Dried
dimethylformamide (DMF, C.P.) was used as a sol-
vent. To obtain the CH3NH3Pb12A98010A02 ﬁlms, the
input reagents Pbly, CH3NH;3I, and CH3NH3Cl were
dissolved in DMF in stoichiometric proportions and
mixed for 1 h at 70 °C. The synthesis was performed
in a dry box. The so obtained transparent solution
was then deposited onto a pre-cleaned substrate by
the spin-coating at 1200 rotations per minute during
30 seconds. Glass or ITO-coated glass (denoted
hereafter as ITO/glass) was used as a substrate. The
thermal treatment of the films was carried out on a
pre-heated stove at 90 °C for 30 min. The products
were characterized by X-ray powder diffraction
taken on a DRON-4-07 (CuKa-radiation, 40 kV,
18 mA) in the 20 = 10-70° interval with the step
size of 0.02° and exposition time of 6s. The unit
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cell parameters were determined using the Rietveld
full-profile analysis method of the data.

2.2. Measurements
of the physical characteristics

The spectral characteristics of the surface photovoltage
were measured in the wavelength interval AX\ = 400—
900 nm on the perovskite CH3NH3PblIs 93Clg g2 films
deposited on glass with an ITO layer. The measure-
ments were performed at a constant flux of photons
of monochromatic light. The spectra obtained from
these measurements are proportional to the external
and internal quantum efficiencies. The diagram of
the experimental set-up for surface photovoltage
measurements is shown in Fig. 1. The light of a
halogen lamp passed a monochromator and a beam
splitter and was directed onto the experimental
sample. Surface photovoltage measurements were
performed with a non-destructive method using a
press-on ITO electrode with the area ~7 x 7 mm?
deposited on mica ~5 pm in thickness. The spectral
measurements were carried according to ASTM
standards [21] on a set-up for the determination of
spectral characteristics of photoconverters in the
Center for testing of photoconverters and photoelec-
tric batteries at the V.E. Lashkaryov Institute of
Semiconductor Physics of the NAS of Ukraine. The
transmission spectra in the wavelength interval
AX = 400-900 nm were measured on the perovskite
CH3NH3PbI; 9sClg. g2 film samples deposited on
glass without an ITO layer. A silicon etalon photo-
diode was used as a reference photosensor (etalon in
Fig. 1). An AC voltage with a frequency of 20 Hz
driving an oscillating beam splitter was used as a
reference signal for the lock-in amplifier. The reflec-
tion coefficient was estimated for a wavelength of
632.8 nm. The measurements have revealed that the
reflection had diffusive character, and the reflection
coefficient was quite small, estimated to be ~5%.

3. Results and Discussion

To determine the unit cell parameters of the
CH3NH3PbI; 9sClg g2 material synthesized with the
use of the full-profile Rietveld method, the x-ray
diffraction patterns of the single-phase samples were
used, one of which is shown in Fig. 2. Calculations of
the structure parameters indicate that this diffrac-
togram corresponds to the tetragonal symmetry
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Fig. 2. Experimental (symbols) and theoretical (curves) X-
ray diffractograms of a CH3NH3zPblIz 9gClg.g2 film sample after
the thermal processing at 90 °C. The vertical lines indicate
peak locations, with Miller indices given in the brackets. The
difference curve is shown below

(I4/mem space group, No. 140), which agrees with
the literature data [22].
For the calculations, the atomic coordinates from

this work were used for Pb (4¢) 000; I1(8h) xyO0;
432

Diagram of the experimental set-up for surface photovoltage (SPV)

12(4a) 00%; C (161) xyz; N (161) xyz. For the
CH3NH3Pbl; 9sClg g2 film the following lattice pa-
rameters were obtained: @ = 8.870(2) A, ¢ =
=12.669(8) A, V = 996.8(7) A%. The microstructure
analysis of the films obtained, see Fig. 3, shows that
the ITO/glass substrate is incompletely covered by
CH3NH3PbI; 9sClg g2. The film morphology can be
described as a net composed of non-oriented needle-
like structures with a broad range of length to width
ratios and the significant roughness and porosity of
the film.

In general, the spectral dependence of the small-
signal surface photovoltage Vspy () can be described
as [23]

Vepv(A) = A1(¢s, A) EQE(N) = Aa(os, A) IQE(N), (2)

where ¢4 is the band bending on the illuminated side
of the film, A is the light wavelength, A;(¢s, A) and
Az (s, A) are the coefficients with the dimensions of
Volts, «(A) is the light absorption coefficient, and
EQE (A) and IQE (\) are the external and internal
photocurrent generation quantum efficiencies. The
relation between the external and internal quantum
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efficiencies for a non-absorbing film has the form [24]

EQE (A) = (1 - R(V))IQE (A), (3)
where R(\) is the reflection coefficient. Thus,

According to [25], the dependence of the absor-
bance A,; on A near the absorption edge for a pa-
rallel-plane specular structure with a single full re-
flection from the backside has the form

Ane =1 —exp(—2a(N) d). (5)

For the absorbance A;(\) of a semiconductor sub-
strate with nonspecular textured surfaces for the
spectral region near the absorption edge (ad < 1),
the following formula was obtained:

a(\) B

MpyE——— (1 * 4a(A)dng> ' (6)

It was also assumed that the coefficient of reflec-
tion from the frontal surface is equal to 0 and from
the back is equal to 1. Formula (6) describes the ab-
sorption edge up to values A;(\) = 0.9 exactly. When
At(X) is greater than 0.9, the error does not exceed
2% and rapidly decreases, when A(\) approaches 1
[26, 27]. Assuming that each absorbed photon gener-
ates one electron-hole pair, and there is no recombina-
tion (the minority carrier diffusion length L is much
longer than the film thickness d), we can conclude
that the formula for the internal quantum efficiency
should have a similar form as (5) and (6), namely:

IQE,;;(A) = 1 — exp(—2a(A) d) (7)

Ar(N) =

for a parallel-plane structure with specular surfaces
and

IQE, (\) = (1 + my (8)

for a structure with nonspecular textured surfaces.
Here, d is the perovskite film thickness, and n, is
its refraction index. Note that, for a plane-parallel
structure with specular surfaces for L < d/3, the
internal quantum efficiency is well described by the
well-known formula [2§]

IQE (\) = % = <1 + a(ﬁy : (9)

where L is the minority carrier diffusion length, and
its value in this case can be found from the cut-off
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Fig. 3. CHsNH3Pbls 98Clg.o2 film microstructure after its
thermal processing at 90 °C

on the abscissa axis of the dependence of IQE (\)~!
on a(\)7L, if a()) is known [21]. In the case of a
textured or profiled surface, this method will give
significantly overestimated values of the diffusion
length. As shown in [25, 29|, the probability of the
photon absorption in a long-wavelength region in-
creases due to the Lambert scattering on a textured
surfaces and an increase of its path length from the
value of 2d in a plane-parallel structure with a spec-
ular surface to the value of 4dn? in a textured struc-
ture. This is the difference between expressions (7)
and (8). The texturing is known to be responsible
for the higher values of the quantum efficiency, the
short-circuit current, and, hence, the photoconver-
sion efficiency. An increase of the photoconversion ef-
ficiency is not only due to an increased photon path
length, which leads to a broadening of the quantum
efficiency with A and to its shifting toward the longer
wavelengths; it is also due to a reduced frontal re-
flection coefficient value. This is related to the non-
perpendicular light incidence on the textured ele-
ments of the structure, which leads to an increase
in the photon path length due to the multiple total
internal reflection and to an increase in the absorp-
tion in the long-wavelength region. It was established
in [30, 31] that the absorption edge in silicon HIT
SCs and FAPbIs-based SCs can be described by the
generalized expression which differs from (8) by the
presence of the parameter b:

(10)

-1
IQE; () = (1 + W) )
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Fig. 4. Experimental (squares) and theoretical spectral de-
pendences (lines) of the surface photovoltage Vspy (A) calcu-
lated using expressions (2), (10), and (11) for bandgap values
equal to 1.59 (curve 1) and 1.56 €V (curve 2)

where b > 1 is a dimensionless parameter equal to
the ratio of the longest possible photon path length,
4dn? at the ideal Lambertian light trapping to its real
value. This ratio depends on the texturing quality
(degree of light capture) and the film thickness. We
note that the case where expression (8) with b =1 is
realized experimentally is rare. In particular, it was
demonstrated in [30] that the experimental results
for the textured silicon-based SCs and textured HIT
SCs near the absorption edge can be described the-
oretically with a transformed expression of the form
(10) with b > 1. Comparing (9) and (10), it is easy to
see that the dependence of the inverse quantum effi-
ciency on the inverse absorption coefficient is similar
in both cases. The difference lies in the cut-off value
on the a axis, which is equal to the diffusion length
of minority carriers — L for a flat surface and to the
average path length of photons Iy, = 4dn?/b for a
textured one. Thus, in the case of a textured surface
and diffusion lengths exceeding the thickness of the
sample, we can determine the average path length of
photons in the long-wavelength region of the spec-
trum near the absorption edge and the value of pa-
rameter b. Because organic-inorganic perovskites are
direct-bandgap semiconductors, the absorption coef-
ficient «(\) near the absorption edge is given by the
formula [32]

1239.7 1/2
a(\) = B%,

by

where B is a constant, E; is the bandgap value, and
A is the wavelength in nm. Figure 4 shows the ex-
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(11)

perimental dependence Vgpy (A) and the same de-
pendences calculated using expressions (2), (10), and
(11) for the bandgap values equal to 1.59 (curve 1)
and 1.56 €V (curve 2). We see a good agreement of
the experimental curve with curve 1. From this fig-
ure, one can conclude that the bandgap in the film
investigated is equal to 1.59 eV.

The experimental dependence of the absorption
coefficient is very important for the analysis and
interpretation of the experimental spectra of the
small-signal surface photovoltage. In this work, we
used the most accurate dependence obtained in [33]
over a wide range of wavelengths for perovskite
CH3NH3PbI;3. It is well known that the absorption
edge in the structurally imperfect films is described
by the Urbach rule. The empirical absorption coeffi-
cient depends on the photon energy in this wavelength
range as
Qyr = yro €Xp (Epn/Ep), (12)
where a0 is the initial absorption coeflicient, Eyy,
is photon energy, and Fj is the characteristic en-
ergy, which is of the order of a few tens of meV for
not too big deviations from that of the perfect films
[34]. Figure 5 shows the experimental dependence of
the small-signal surface photovoltage log (Vspy) on
the energy F = 1239.7/X eV normalized to the value
at A = 490 nm and the theoretical dependence of the
quantum yield calculated using formula (12). As can
be seen from the figure, their agreement takes place
in the region A > 790 nm, if we put Ey equal to
30 meV. The direction of the dependence of Vgpy (E)
in semilogarithmic coordinates for A > 790 nm indi-
cates the presence of the Urbach effect. Thus, in the
analysis, we will use the a()) [33] dependence cor-
rected for the Urbach effect (12) for A > 790 nm.

Using formulas (2)—(10) and the corrected depen-
dence a(X) allows us to build the low-signal surface
photovoltage spectral curves and to determine the
key parameters (namely, the perovskite film thick-
ness d and the parameter b), at which they agree
with the experiment near the absorption edge. More
convenient for analysis are the spectral dependences
of the small-signal surface photovoltage, which are
constructed in the coordinates Vgpy, versus a~*())
[17, 18]. In these coordinates, dependences (9) and
(10) are straightened up in the long-wavelength re-
gion, and the cut-off on the abscissa axis —a_,} s (\)

ISSN 2071-0194. Ukr. J. Phys. 2021. Vol. 66, No. 5
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Fig. 5. Experimental spectral dependence of the surface pho-
tovoltage Vgpy (E) of the synthesized CH3NH3Pbls 93Clo.o2

films (squares). Line — theory (equation (12)). Urbach’s energy
is equal to 30 meV

is equal to the diffusion length L, when —a} = (\) <
< d/3 according to (9) and —a_} & (\) = 4dn2/
according to (10) otherwise. Figure 6 shows the ex-
perimental and calculated dependences of the inverse
small-signal surface photovoltage Vs_Plv on the inverse
values of the absorption coefficient a~! (\), for the
CH3NH3Pbls 9gClg g2 film. The dependences are con-
structed, by using expression (10) and the generalized
value of a(\) [32]. As can be seen from Fig. 6, the ex-
perimental values at the absorption edge agree with
the theoretical line well, if we put d = 400 nm, aver-
age path length [, = 4650 nm, and b = 4.3. In this
case, the cut-off on the abscissa axis —a_ | (\) =
= 2.1 pm, which significantly exceeds the thickness
of the perovskite film d = 0.4 pym. If one uses expres-
sion (7), the theory cannot fit the experiment for the
film studied. Figure 7 shows the same dependences,
but in the coordinates: surface photovoltage Vspy
versus wavelength \. We see a good agreement of the
theoretical result [curve 1, expression (10)] and ex-
perimental (squares) dependence. At the same time,
when using expression (7) (plane-parallel structure,
curve 2), there is no agreement between experiment
and theory for the studied perovskite film in the ab-
sorption edge region.

Thus, it follows from this analysis that the film
studied here captures light efficiently due to its
natural profiling (texturing). This conclusion agrees
with the microstructure data, see Fig. 3. The dif-
fusion length of minority charge carriers L in the
CH3NH3PbI; 93Clg g2 films synthesized by us exceeds
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Fig. 6. Experimental (points) and calculated (line) de-
pendences Vs}l\, (\) versus a~! ), constructed using expres-
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Fig. 7. Spectral dependences Vgpy(A). Squares are experi-
mental data, line (1) is a theoretical curve calculated using for-
mulas (2) and (10), and line (2) is a theoretical curve calculated
using formulas (2) and (7). Parameters used: d = 400 nm,
b=4.3

the sample thickness d, because of the spectra are de-
scribed by expression (10). We note that the spectral
curves of the small-signal surface photovoltage for the
film illumination from the opposite sides are close to
each other. This provides an additional evidence of
the high diffusion length (exceeding the film thick-
ness), which, according to [35], are of the order of
1 pm in the samples with chlorine added. Let us now
analyze the transmission spectra. Shown in Fig. 8 are
the transmission spectra for a perovskite film on glass
without ITO. The respective theoretical formulas are

(1 - R)? exp (—ad)

Tt = ;
"7 11— R? exp (—2ad)

(13)
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Fig. 8. Transmission spectra for a film without an ITO layer.
Squares are experimental data.
lated using formula (14), 2 — theoretical curve calculated using
formula (13). Parameters used: d =400 nm, b = 4.3

1 — theoretical curve calcu-
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Fig. 9. Experimental (squares) and theoretical dependences
(line) of the small-signal photovoltage Vgpy (A) for the synthe-
sized CH3NH3Pbls 9gClg g2 films. Parameters are as follows:
D1 =2.5x 1072 cm?/s, L1 = 2.4 x 1076 cm, Sg = 10 cm/s,
di =100 nm, d = 400 nm, b = 4.3

and

Ty =(1-R)(1+a(Npn(d,b) " (14)

Expression (13) should be used for a plane-parallel
structure, and relation (14) is valid for a textured
structure (with the coefficient b taken into account).

Let us determine the transmission coefficient ac-
cording to (14) for a film without an ITO layer, and
let us use the generalized value for () for perovskite
CHgNHngIQ_ggClo_OQ and the values d = 400 nm and
b = 4.3 (curve 1). In this case, the agreement between
experiment and theory is quite good in the wave-
length interval from 500 nm to 800 nm. However, the
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determination of the transmission coefficient accord-
ing to (13) gives no agreement between the theoreti-
cal curve 2 and the experiment in the whole spectral
range. Thus, the experimental transmission spectra
of the film without an ITO layer also confirm that
the film is naturally textured. Let us now consider
the causes for a EQE (\) to decrease in the short-
wavelength range in the perovskite SCs and the spec-
tral dependence of the small-signal surface photovol-
tage Vspy (M), see Fig. 9. As for the short-wavelength
decrease of Vgpy (), it was shown [23, 36] that this
decrease has to do with the formation of a layer near
the perovskite CH3NH3PbI; 9g5Clg g2 surface with the
carrier lifetime shorter than in bulk. Shown in Fig. 9
are the experimental and theoretical dependences of
Vspv (A) normalized to the highest value for a perov-
skite films synthesized in this work.

The calculation of the curve Vgpy (A) for a
CH3NH3Pbl; 93Clg g2 perovskite film, which gives a
decrease at short wavelengths, was performed using
the following formula for the effective surface recom-
bination rate

L 1 . 1
D, So D—lcosh (m) + sinh (W)

Sett(A) =
e Ll SODl Slnha(A)L —I—COSh( (A)Ll)

(15)

taken from Ref. [36]. Here, D; and L, are, respec-
tively, the diffusion coefficient and diffusion length in
the surface layer of thickness d;, and Sy is the effec-
tive surface recombination velocity under the condi-
tion ad; > 1. The theoretical Vgpy (A) curve was
built using the following parameter values: D; =
= 25x1072 em?/s, L; = 24 x 1075 cm, Sy =
= 10° em/s, d; = 100 nm, d = 400 nm, b = 4.3. As
seen from Fig. 9, the agreement between the experi-
mental Vgpy (A) curve for the CH3NH3PbI3 95Clg 02
film and the theoretical counterpart, it can be con-
sidered as satisfactory.

4. Conclusions

In the present work, the efficiency of the method
of spectrally resolved small-signal surface photovol-
tage has been demonstrated together with the mea-
surements of the optical properties (transmission
and reflection) for the characterization of perovskite
films. In particular, the methodology proposed allows
one to consistently determine the bandgap value of a
perovskite film, as well as its minority carriers diffu-
sion length in the case L < d/3 for a parallel-plane
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sample with specular surfaces or to estimate its value
in the case of large diffusion lengths and/or textured
surfaces. It has been shown that the small signal sur-
face photovoltage spectral dependences Vgpy()) is
proportional to the external EQE (A) and internal
quantum efficiencies IQE(\) of photogeneration. It is
shown that, in the case of a textured surface and dif-
fusion lengths exceeding the thickness of the sample,
the cut-off on the abscissa axis of the dependence of
the inverse surface photovoltage on the inverse ab-
sorption coefficient is equal to the average path length
of photons in the long-wavelength region of the spec-
trum near the absorption edge. A method is proposed
for determining the average path length of photons
and the value of parameter b. The detailed analysis
of the surface photovoltage spectra indicates that, in
the films mentioned above, the Urbach effect plays
an essential role near the absorption edge. One can
obtain good agreement of the theory with the exper-
iment and to deduce an accurate value of the perov-
skite film bandgap to be 1.59 eV only by taking this
effect into account. It has been established by com-
paring the experimental spectral curves of the small-
signal surface photovoltage with the theory for tex-
tured structures that the films studied are naturally
profiled. This agreement between the theory for tex-
tured structures and the experiment means that the
diffusion length of the non-equilibrium charge carri-
ers in the CH3NH3Pbl; 93Clp g2 perovskite films ex-
ceeds the film thickness. This is also supported by
the results of a comparison between the spectra of
the small-signal surface photovoltage obtained, when
the film was illuminated from the opposite sides. The
value of the surface recombination rate for the perov-
skite film was estimated to be about 10° cm/s. It is
established that the use of the transformed formula
(10) allows one to make the theory consistent with
the experiment not only near the absorption edge,
but also to the EQE values up to ~0.9.
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CUHTE3 I JOCJILJIXKEHHS BJIACTUBOCTEN
IIJIIBOK OPTAHO-HEOPT'AHIYHUX ITEPOBCKITIB
BESKOHTAKTHUMI METOJAMI

JIOCJTI IPKEHH ST
TTIBOK

B po6ori
€JIEKTPUIHUX

HaBEIEHO pe3yIbpTaTn
XapaKTEepUCTUK

doro-
IIePOBCKITY
CH3NH3Pbl2 98Clp,02, HaneceHHX Ha CKJSHY IIAKIAIHHKY
MeTOIOM spin-coating. 3 BHKOPHCTaHHSIM PEHTTE€HIBCBKUX Me-
TOIB JOCJII?KEeHHsI BH3HAYEHO IIapaMeTPH eJIeMEeHTapHOI KO-
MipKH IIEPOBCKITY Ta ITOKAa3aHO, 110 MOP(OJIOTis IJIIBOK OIKCY-
€ThCsI fK CiTKa HEOPIEHTOBAHMX TOJIKOIOLIOHUX CTPYKTYD
i3 3HAYHOIO IIOPCTKICTIO Ta mnopucricTio. s mocmiiizKeHHs
BJIACTHBOCTEH OTPUMAHUX IIIBOK BUKOPHUCTOBYBAJINCh OE3KOH-
TaKTHI METOI¥, 30KpeMa, BUMiPIOBaHHsI IIPOIIyCKaHHS 1 BiIOu-
BaHHS T METOJ, CIEKTPAJIbHUX 3aJIE2KHOCTEN MaJIOCUTHAJIBHOL
noBepxHeBol doronanpyru. Ilokazano, 1[0 METOX CHEKTPAIb-
HHUX 3aJI€2KHOCTEN MaJIOCUI'HAJIBHOI IOBEPXHEBOI (POTOHALIPYTH
Ta MeTOZ, IIPOIyCKaHHs MICTATH iH(OpMAaIiio Ipo 30BHIMIHIMH
KBAHTOBHUI BHUXiJ[ B JOCJIIJXKYyBaHHUX IIIBKaX Ta PO JOBXKUHY
mudy3il HEOCHOBHMX HOCIIB y ILIIBKax INepoBCKiTy. B pesyiib-
TaTi aHaJli3y CIEKTPiB BCTAHOBJIEHO, IO OTPUMAaHI IUIIBKU €
MIPUPOIHO MPOMITBOBAHUMY, a IXHs IMUPUHA 3a00POHEHOT 30HU
cranoBuTh 1,59 eB. Ilokazano, mo npu BU3HAYEHH] 3aJI€XK-
HOCTI KoedilieHTa MOrJIMHAHHSA Ta IMUPUHU 3aO00POHEHOT 30HU
cJtif BpaxoByBaTu edekT Ypbaxa. JJosxkuHa audys3il HEOCHOB-
HUX HOCIIB 3apsay 6i/bina 3a TOBIIMHY ILIIBOK, SIKa JOPIBHIOE
400 M. OTpuMaHi IUIBKHU € MEPCHEKTUBHUMU JJIsI PO3POOKH
Ha IX OCHOBI €(PEKTUBHUX COHSIIHUX €JIEMEHTIB.

doronanpyra, IIiBKa
[IePOBCKiTY, moBxKuHa Audysil, neperada CIeKTpiB, ederT

Ypbaxa.
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